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The spindle checkpoint controls mitotic pro-
gression. Checkpoint proteins are temporally
recruited to kinetochores, but their docking
site is unknown. We show that a human kineto-
chore oncoprotein, AF15q14/blinkin, a member
of the Spc105/Spc7/KNL-1 family, directly links
spindle checkpoint proteinsBubR1andBub1 to
kinetochores and is required for spindle check-
point and chromosome alignment. Blinkin RNAi
causes acceleratedmitosis due to a checkpoint
failure and chromosomemisalignment resulting
from the lack of kinetochore and microtubule
attachment. Blinkin RNAi phenotypes resemble
the double RNAi phenotypes of Bub1 and
BubR1 in living cells. While the carboxy domain
associateswith the c20orf172/hMis13 andDC8/
hMis14 subunits of the hMis12 complex in the
inner kinetochore, association of the amino
and middle domain of blinkin with the TPR do-
mains in the amino termini of BubR1 and Bub1
is essential for BubR1 andBub1 to execute their
distinct mitotic functions. Blinkin may be the
center of the network for generating kineto-
chore-based checkpoint signaling.
INTRODUCTION
Commitment to mitosis activates a number of key cell
cycle regulators to promote the formation of kinetochores
on centromeric chromatin. These kinetochores are then
able to associate with spindle microtubules and two sub-
sequent proteolytic events ensure equal segregation of
the sister chromatids to each spindle pole. The ubiquitin
ligase activity of the anaphase-promoting complex/cy-
closome (APC/C) promotes the proteasome-dependent
destruction of securin and mitotic cyclin B in anaphase.
Whereas the destruction of mitotic cyclin promotes
mitotic exit, degradation of securin promotes the separa-
tion of sister chromatids as it relieves the inhibitory chap-Developmeerone activity of securin on separase. Once securin is
removed, separase is free to promote anaphase events,
which include cleavage of the cohesin linkage. These
proteolytic anaphase events are restrained until all the
metaphase chromosomes are correctly aligned on the
spindle apparatus by a process called spindle assembly
checkpoint, feedback control, or mitotic checkpoint (Hoyt
et al., 1991; Li and Murray, 1991; Rieder et al., 1994; re-
viewed in Kops et al., 2005; Musacchio and Salmon,
2007; Pinsky and Biggins, 2005).
The mitotic checkpoint restrains the anaphase pro-
moting proteolysis until correct chromosome alignment
occurs, by inhibiting APC/C activation. This dependency
relationship prevents premature anaphase. A key molecu-
lar link between APC/C and the checkpoint is the inhibitory
association of a spindle checkpoint protein, Mad2, with
Cdc20/Fizzy/Slp1, an APC/C activator (Hwang et al., 1998;
Kim et al., 1998). Together with Mad2, BubR1 (Bub1-re-
lated kinase), Bub3, and Cdc20 form a mitotic checkpoint
complex MCC that inhibits the APC/C (Millband and Hard-
wick, 2002; Sudakin et al., 2001; Yu, 2002). BubR1 is sim-
ilar to the fungal spindle checkpoint protein Mad3 (Taylor
et al., 1998), but its carboxy terminus contains a kinase do-
main that is not present in Mad3 (Millband and Hardwick,
2002; Taylor et al., 1998). Bub1 phosphorylates Cdc20,
has a key role in the assembly of checkpoint proteins,
and seems to have an additional noncheckpoint function
(Johnson et al., 2004; Yu and Tang, 2005).
The association of the mitotic checkpoint proteins with
the kinetochore is regulated during mitosis. Vertebrate
Mad2 is bound to unattached kinetochores (Chen et al.,
1996; Li and Benezra, 1996). Other checkpoint proteins
in vertebrates, Bub1 and BubR1 (Taylor et al., 2001) and
fungal Mad2, Bub1, and Mad3 (Gillett et al., 2004; Mill-
band and Hardwick, 2002) also transiently associate
with kinetochores. The universality of temporal kineto-
chore association suggests that the kinetochore binding
per se is mechanistically relevant in checkpoint control.
The target of the checkpoint proteins, APC/C, is abundant
in nonkinetochore regions, however, whereas only a por-
tion is present in the kinetochores (Acquaviva et al., 2004;
Kallio et al., 1998). It has therefore been proposed that
a Mad2-containing protein complex at the kinetochore
acts as a template to propagate a conformational changental Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 663
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Control of Bub1 and BubR1 by Blinkinof Mad2 that promotes its affinity for Cdc20 that then am-
plifies this ‘‘wait anaphase’’ signal throughout the entire
cell (De Antoni et al., 2005). Other models, which include
a kinetochore-independent anaphase inhibitor role for the
MCC (e.g., Sudakin et al., 2001), have also been proposed.
A key step in unlocking the enigma of the spindle check-
point is the elucidation of the mechanism by which check-
point proteins are recruited to kinetochores. Establishing
that certain kinetochore proteins are required for the kinet-
ochore recruitment of checkpoint proteins was a first step
toward this aim (Martin-Lluesma et al., 2002; McAinsh
et al., 2006). One such kinetochore component is hMis12
(Goshima et al., 2003). hMis12 is essential for chromo-
some segregation and forms a stable complex with sev-
eral proteins, including AF15q14 (Cheeseman et al., 2004;
Obuse et al., 2004). AF15q14 belongs to the Spc105 pro-
tein family (the founding member is the budding yeast
Spc105; Nekrasov et al., 2003; Wigge et al., 1998) and is
similar to fission yeast Spc7, nematode KNL-1, and fly
dmSpc105R (Desai et al., 2003; Kerres et al., 2004; Przew-
loka et al., 2007). It was initially identified because an on-
cogenic chromosome translocation resulted in the fusion
of AF15q14 with the MLL gene in acute myeloid leukemia
(Hayette et al., 2000). We report that the human protein
AF15q14 is the direct target kinetochore protein for both
Bub1 and BubR1. AF15q14 interacts with the tetratricho-
peptide repeat (TPR) motifs present in both Bub1 and
BubR1 and these interactions are required for their mitotic
functions. Our data also suggest that this kinetochore pro-
tein has a role not only in the association with checkpoint
proteins Bub1 and BubR1, but also in the attachment to
the spindle microtubules.
RESULTS
hMis12 Coprecipitates with Bub1 and BubR1
in HeLa Extracts
Mass spectroscopic analysis (Cheeseman et al., 2004;
Obuse et al., 2004) established that human hMis12 copre-
cipitates with six centromere/kinetochore proteins (PMF1,
DC8, c20orf172, HEC1/Ndc80, Zwint-1, and AF15q14).
With the exception of Zwint-1, putative homologs of all of
these proteins are present in S. cerevisiae and S. pombe
(Figure S1, see the Supplemental Data available with this
article online). Because kinetochore recruitment of Bub1
and BubR1 (hereafter designated Bubs) requires the pres-
ence of the hMis12 complex (Kline et al., 2006; McAinsh
et al., 2006; unpublished data), we examined whether
Bubs coprecipitated with hMis12. For this approach, we
generated a HeLa cell line that stably expressed FLAG-
hMis12, and extracts were immunoprecipitated using
anti-FLAG antibodies (Figure 1A). The resulting precipi-
tates contained Bubs. Relatively little Bubs precipitated
with FLAG-Mis12 in the asynchronous (AS) or S-phase
arrested (DTB, double thymidine block) cultures, but the
levels rose sharply when cells were arrested in mitosis
using nocodazole (Noc). Control precipitations from non-
tagged HeLa cells did not coprecipitate with Bubs, indi-
cating that Bubs formed a complex that contained hMis12664 Developmental Cell 13, 663–676, November 2007 ª2007 Especifically during Noc arrest. Consistently, Bub1 copreci-
pitated with both endogenous hMis12 and FLAG-hMis12
in the reverse immunoprecipitation experiment (Figure S2).
AF15q14/Blinkin Interacts with Bubs,
hMis13-hMis14, and Zwint-1
To identify the molecules that associate with Bubs, we
conducted pairwise 2- and 3-hybrid (Tirode et al., 1997)
screens between Bubs and all components of the hMis12
kinetochore complex. The panel for a set of 2-hybrids
using 10 kinetochore proteins (Figure 1B) revealed inter-
actions between AF15q14 and Bubs (the fragments Bub1
N150 and BubR1 N203 were used). We propose to use
a human-specific name, blinkin (bub-linking kinetochore
protein), for AF15q14. Blinkin was truncated into three
fragments, the amino-terminal BLKN (1–728), the middle
BLKM (729–1833), and the carboxy-terminal BLKC (1834–
2316). Both Bub1 and BubR1 interacted with the amino-
terminal BLKN.
Blinkin is one of the largest kinetochore proteins and
may directly interact with multiple kinetochore proteins.
Extending the 2-hybrid analysis to pairwise combinations
with all kinetochore components established that BLKC
interacted with Zwint-1 (Figure 1C), whereas no 2-hybrid
interaction was detected with hMis12. Human hMis12 is
thought to form a heterotetrameric complex (Kline et al.,
2006). Judging from the results of extensive 2- and 3-
hybrid analyses, two heterodimers (hMis12-hNnf1/PMF1
and hMis13/c20orf172-hMis14/DC8) formed (Figure S3A)
and were connected by further interaction between
hMis13 and hMis12-hNnf1 (Figure S3B and Figure S3C).
The bifunctional nature of hMis13 might thus enable the
formation of a heterotetrameric complex. Among the
many constructs examined, a positive 3-hybrid interaction
was detected between BLKC and hMis13-hMis14 (Fig-
ure 1D and data not shown). BLKN thus interacts with
Bubs and BLKC interacts with Zwint-1 and the hMis13-
hMis14 complex. No interaction was detected between
any domain of blinkin and HEC1 (or HEC1/Ndc80 complex
subunits), whereas HEC1 interacted with Zwint-1 (Fig-
ure 1C and Figure S3D).
Blinkin, an 300 kD Protein, Locates
at Kinetochores from Mitotic Commitment
until Telophase
A mouse monoclonal antibody was raised against the
amino-terminal 22 amino acid peptide of blinkin (Experi-
mental Procedures). A band was detected at the expected
MW of 300 kD in immunoblots of HeLa extracts (Fig-
ure 1E), which disappeared in RNAi cells (described below).
The band shifted toa slower migrating form inNoc-arrested
cells (Figure 1F, left), in which the Bub1 band is transformed
into multiple intense bands that migrate more slowly than
Bub1 in untreated extracts (Taylor et al., 2001). Subsequent
removal of Noc resulted in a change of the upper band
back to the lower position within 30 to 60 min without a sig-
nificant reduction in band intensity (Figure 1F, right). This
finding contrasts with Bub1 and cyclin B1 bands, which
are both lost during recovery from Noc arrest. Thus, blinkinlsevier Inc.
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Control of Bub1 and BubR1 by BlinkinFigure 1. AF15q14/Blinkin Interacts with Bubs
(A) Immunoprecipitation of FLAG-tagged hMis12. Cultures of HeLa that stably expressed FLAG-tagged hMis12 were used: asynchronous (AS),
double thymidine block (DTB), and nocodazole-arrested (Noc). Control HeLa did not contain FLAG-tagged hMis12. Immunoprecipitates (IP) were
assayed by antibodies against FLAG, Bub1, and BubR1.
(B) Yeast 2-hybrid interactions. (See text for details.) Plasmids pGBD and pGAD carried DNA-binding and activating domains of yeast GAL4, respec-
tively. For control, p53 and SV40 T antigen were used.
(C) Two-hybrid interactions between one of BLKN, BLKM, or BLKC and hMis12-interacting proteins were examined.
(D) Positive 3-hybrid interaction of BLKC with hMis13-hMis14.
(E) Immunoblot of HeLa using anti-blinkin antibody.
(F) The blinkin band shifted in nocodazole-blocked (Noc) extracts (left). Following nocodazole block and release (B&R), the band of blinkin returned to
the lower position (right).
(G) Antibodies against blinkin and Bub1 were used for immunostaining of HeLa cells. Cells at prometaphase (top) and metaphase (bottom) are shown.
The inset is the enlarged merged images. Bar, 10 mm.
(H) Constructs made for blinkin, Bub1, and BubR1 (top). The TPR motif is in red. Blue region is conserved in yeast Mad3. TPR of human (h), mouse (m),
S. pombe (sp), andS. cerevisiae (sc) (bottom). Identical and similar residues are boxed and hatched, respectively. TPR consensus (red) and knob-hole
association (blue) are also shown. Red arrows indicate residues altered in substitution mutants.
(I) Two-hybrid interactions were examined between blinkin fragments or Bub3 and full-length Bub1 or the fragments as indicated.
(J and K) Two-hybrid interactions were examined between BLKN and Bubs mutants.Developmental Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 665
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Control of Bub1 and BubR1 by BlinkinFigure 2. Blinkin RNAi Abolishes Bubs’ Kinetochore Signals and Spindle Checkpoint Function
(A) Immunoblot of blinkin in HeLa extracts after RNAi for 0–72 hr (top). Control immunoblot after luciferase RNAi is also shown. The loading control was
tubulin. HeLa cells were fixed 24 hr after blinkin or control RNAi (bottom). DNA and blinkin were observed, respectively, by Hoechst and anti-blinkin
antibody.
(B) RNAi was performed for blinkin, Bub1, BubR1, and luciferase. Cells were fixed after 24 hr, and stained for DNA, blinkin, Bub1, and BubR1. (See text
for details.)
(C) Immunoblot of hMis12, blinkin, Bub1, BubR1, and tubulin (loading control) in the RNAi extracts of luciferase, hMis12, blinkin, Bub1, and BubR1
after 24 and 72 hr (left). Localization of hMis12 and blinkin was diminished after hMis12 RNAi, but not after luciferase RNAi (right).
(D) Frequency of cells that showed accelerated mitosis and abnormal, nonsegregated chromosomes in four different RNAi cells.666 Developmental Cell 13, 663–676, November 2007 ª2007 Elsevier Inc.
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Control of Bub1 and BubR1 by Blinkinseemed to be modified during Noc arrest and its level did
not fluctuate with cell cycle progression.
Monoclonal antibodies were used to compare the distri-
bution of blinkin with that of Bub1 using immunofluores-
cence microscopy. The closely apposed kinetochore sig-
nals were intense at both prometaphase and metaphase
(Figure 1G), whereas Bub1 kinetochore localization was
only faintly observed in metaphase cells as previously
described (Taylor et al., 2001). Examination of the kineto-
chore localization of blinkin alongside GFP-hMis12 in the
HeLa cell line revealed that the two proteins had very sim-
ilar distributions (Figure S4). Weak centromeric signals
were observed in interphase nuclei. The mitotic kineto-
chore signals became strong from prophase to late ana-
phase, but greatly diminished from the telophase and
cytokinesis to early G1. This kinetochore behavior was
similar to that of GFP-hMis12.
TPR Motif of Bubs Is Required for the Interaction
with Blinkin
We hypothesized that blinkin may bind to sequences that
are conserved between Bub1 and BubR1 (Figure 1H, blue
and red). The amino termini of both proteins contain a TPR
(tetratrichopeptide repeat) motif (Bolanos-Garcia et al.,
2005) (Figure 1H, red box). The amino fragments of
Bub1 and BubR1 exhibited 2-hybrid interactions with
BLKN, but not with BLKC (Figure 1I). The middle domain,
BLKM, had a less intense interaction with the Bub1 frag-
ment. Full-length Bub1 interacted weakly with BLKN and
BLKM, but interacted strongly with Bub3. The central do-
main of Bub1 interacts with Bub3 (Taylor et al., 1998).
We constructed substitution mutants in the two Bub1
residues (indicated by the arrows in Figure 1H) required
for the essential conformation of the TPR motif (D’Andrea
and Regan, 2003; Hirano et al., 1990), and examined the
impact of these changes upon the 2-hybrid interactions.
Three amino acids, D, G, and W, were used to alter the
A106 residue. The only change that could maintain the
2-hybrid interaction was a change to the similarly-sized
G (Gly). This is consistent with the hypothesis that the
knob-hole-like conformation predicted for the TPR motif
(Hirano et al., 1990) is functionally relevant (Figure 1J).
For the L122 residue, which has a bulky hydrophobic side
chain, substitution by the smaller side chain of G abol-
ished the interaction, whereas substitution by the bulky
F did not diminish the strong positive interaction. Further-
more, the insertion of G between A104 and W105 abolished
the 2-hybrid interaction. This is consistent with the pre-
dicted structure of the TPR conformation. Similar results
were obtained for the BubR1 substitution mutants in
TPR (Figure 1K). The substitution of A159 by G, but not
by W, maintained a positive 2-hybrid interaction, and theDevelopmesubstitution of F175 by L, but not by A, maintained the
interaction with blinkin. Thus, the TPR motifs of Bubs
specifically interact with BLKN.
Blinkin RNAi Abolishes the Kinetochore Signals
of Bubs
RNA interference was performed in HeLa cells to deter-
mine whether blinkin was required for the recruitment of
Bubs to the kinetochores. The protein level was negligible
24 hr after RNAi (Figure 2A, upper panel). Consistently,
the kinetochore signals were abolished in mitotic cells
(Figure 2A, lower panel). The Bubs signals were diffused
in blinkin RNAi cells (Figure 2B, top). The kinetochore sig-
nals of blinkin were unaffected, however, when the Bubs
themselves were knocked down by RNAi (Figure 2B, mid-
dle). Control RNAi also did not affect the kinetochore
signals for blinkin, Bub1, or BubR1 (Figure 2B, bottom).
Kinetochore localization of blinkin was thus not affected
by the absence of Bubs, whereas Bubs’ localization at
the kinetochore required blinkin. Note that the protein
levels of Bubs assayed by immunoblot did not decrease
in blinkin RNAi (Figure 2C). Levels of blinkin and hMis12
were not affected in Bubs’ RNAi cells. The level of blinkin
was considerably diminished in hMis12 RNAi, however,
and hMis12 was slightly diminished in blinkin RNAi. Con-
sistently, the kinetochore signals of blinkin were dimin-
ished in hMis12 RNAi cells (Figure 2C, right panel).
Spindle Checkpoint Control Abolished in Blinkin
RNAi Cells
To determine whether spindle checkpoint control was re-
tained in blinkin RNAi cells, a number of movies were
taken to determine the timing of anaphase after nuclear
envelope breakdown (NEBD) (Figure 2D, table). Control
RNAi cells underwent commitment to anaphase with nor-
mal timing (duration = 29 min, n = 22; Figure 2E and Movie
S1). Chromosome alignment and segregation were also
normal in all of the control RNAi cells. In great contrast,
in blinkin RNAi cells accelerated mitosis with chromosome
misalignment occurred frequently (65%, n = 69). The
remaining cells had a mitotic delay, probably due to the
incomplete knockdown of blinkin protein that activated
the spindle checkpoint. The same phenotypes were ob-
served with different siRNA sequences (Figure S5) and
were rescued by RNAi-resistant blinkin plasmids (see
Figure 6H and data not shown), indicating that the pheno-
types were due to a loss of blinkin.
Three example cells with accelerated mitosis (timingz
20 min) are shown in the movies represented in Figure 2F
(Movies S2–S4). All control BubR1 RNAi cells (n = 25) pro-
duced accelerated aberrant mitosis (Figure 2G and Movie
S5), mostly accompanied by brief and partial alignment(E–H) Frames of movies of HeLa cells that stably expressed histone H2B-GFP that were taken after control (E), blinkin (F), BubR1 (G), and double
BubR1 and Bub1 (H) RNAi. Blinkin RNAi cells (F, top two series) started to decondense 20 to 30 min after NEBD faster than control RNAi cells
(35–45 min). Luciferase siRNA was used as control. The number indicates the time (min). Bars, 10 mm.
(I) The phenotype of interphase cells 48 hr after control and blinkin RNAi.
(J) Percentage mitotic arrest in control (white), BubR1 (black), and blinkin (red) RNAi cells treated with nocodazole (left, n > 1600) and taxol (right,
n > 900) for 18 hr. Error bars represent standard deviation.ntal Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 667
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Control of Bub1 and BubR1 by BlinkinFigure 3. Blinkin RNAi Abolishes Kinetochore-kMT Attachment Though Many Centromere/Kinetochore Proteins Remain
(A) Control and blinkin RNAi cells treated with MG132 for 1 hr were fixed and stained with antibodies against tubulin (green) and CENP-C (white),
and with Hoechst 33342 (magenta). Bar, 10 mm. Enlarged images of the sister kinetochores are shown below. Bar, 1 mm.
(B) Control and blinkin RNAi cells treated with MG132 for 1 hr were incubated in an ice-cold water bath for 10 min. Fixed cells were stained with
antibodies against tubulin (green) and CENP-C (white). Several cross-section images taken from the bottom to the top of the cells and stacked
are shown.
(C) Results of intracellular localization of eight kinetochore proteins in blinkin RNAi cells are summarized.
(D–F) Blinkin (top) and control (bottom) RNAi cells fixed for 48 hr were stained by antibodies against blinkin and hMis12 (D), against HEC1 and CENP-C
(E), and against Zwint-1 and CENP-C (F). Bars, 10 mm.(21/25). If, however, double RNAi of BubR1 and Bub1 was
performed, accelerated mitosis with extensive chromo-
some misalignment was observed (Figure 2H and Movie
S6). The phenotypes of chromosome behavior during ac-
celerated mitosis in blinkin RNAi and the double BubR1
and Bub1 RNAi were very similar. Most control Bub1 RNAi
cells, however, had delayed mitosis with chromosome
alignment defects (Movie S7).
Immunofluorescence microscopy revealed that micro-
nuclei frequently formed after blinkin RNAi (Figure 2I,
arrows). Other cells with many nuclear-like structures in
various sizes were abundant (Figure 2I, arrowhead). These
results suggested that chromosome segregation was
greatly impaired in accelerated mitosis.
Another criterion for the spindle checkpoint was the ar-
rest in mitosis by the addition of the microtubule poisons
Noc or taxol. In control RNAi, 70%–75% of cells became
round, indicating mitosis, while only 30% cells were round
after BubR1 or blinkin RNAi (Figure 2J). These results
showed that mitotic stage was not maintained in blinkin
RNAi if tubulin poisons were added.
Kinetochore Microtubule Attachment Is Impaired
in Blinkin RNAi
Through-focus images of fixed mitotic cells were taken in
the presence of MG132, a proteasome inhibitor, using668 Developmental Cell 13, 663–676, November 2007 ª2007 Elantibodies against tubulin and CENP-C and Hoechst
33342 for DNA. The kinetochore-spindle attachment was
defective in blinkin RNAi cells (Figure 3A and Figure S6).
Consistent with the lack of proper metaphase configura-
tion, the mean distance between sister kinetochores was
0.77 ± 0.18 mm (n = 77), similar to that in prophase 0.70 ±
0.17 mm (n = 45) in control cells, but significantly shorter
than that of 1.38 ± 0.22 mm (n = 37) in control metaphase
cells that were under bipolar tension due to the attach-
ment of the metaphase spindle.
Microtubules attached to kinetochore are resistant to
cold treatment (DeLuca et al., 2005), so blinkin RNAi cells
were cold treated in the presence of MG132 to determine
if the microtubules were attached to the kinetochores. The
kinetochore dots remained within the zone of the kineto-
chore microtubules in control RNAi cells (Figure 3B, left),
while in blinkin RNAi cells, kinetochore signals were
broadly distributed in the absence of cold-resistant ki-
netochore microtubules (Figure 3B, right). These results
established that cold-resistant kinetochore microtubule
attachment requires the presence of blinkin.
Many Centromere/Kinetochore Proteins
Remained in Blinkin RNAi Cells
To examine which centromere/kinetochore proteins were
absent in the kinetochores, CENP-A, CENP-C, hMis12,sevier Inc.
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Control of Bub1 and BubR1 by BlinkinFigure 4. BubR1 TPR Mutants Fail to Suppress BubR1 RNAi
(A) Schematized experimental procedures.
(B) Plasmid carrying RNAi-resistant BubR1 was made by site-directed mutagenesis.
(C) Immunoblot of BubR1, GFP, and tubulin in transfected HeLa cells. The band position of RNAi-resistant GFP-BubR1 detected by anti-BubR1 an-
tibody was higher than that of endogenous BubR1. GFP-BubR1204-1050 was detected by anti-GFP antibody, but not by anti-BubR1 antibody because
this anti-BubR1 antibody recognizes the amino-terminal region of BubR1 (Taylor et al., 2001).
(D) Time-lapse micrographs of HeLa cells that expressed the wild-type or mutant BubR1 protein (RNAi resistant) after BubR1 RNAi. Bar, 10 mm.
(E) The duration from NEBD to anaphase onset was measured in a number of movies, and the time distributions are plotted.hMis13, HEC1, and Zwint-1 were examined for their kinet-
ochore localization in blinkin RNAi cells, and the results
are summarized in the Table in Figure 3C (micrographs
are shown in Figures 3D–3F and Figures S7A–S7C; pro-
tein levels are shown in Figure S7D). Except for Zwint-1,
Bub1, BubR1, and blinkin, these centromere/kinetochore
proteins (CENP-A, CENP-C, hMis12, hMis13, HEC1) were
localized in the kinetochores, strongly suggesting that the
kinetochore structure remained at least partially in blinkin
RNAi cells. The kinetochore proteins required for the asso-
ciation of Bub1, BubR1, and kinetochore microtubules
might only be missing in blinkin RNAi cells.
Substitution Mutants in the BubR1 TPR Motif
Impair BubR1 Function
The substitution experiments schematized in Figure 4A
were performed to determine whether the TPR-dependent
interaction of BubR1 with blinkin was required for theDevelopmemitotic checkpoint response. Three plasmids, GFP-BubR1
WT, GFP-BubR1 F175G, and GFP-BubR1 A159W, carry-
ing the wild-type BubR1 gene or one of the two substitution
mutants that failed in the 2-hybrid interaction with blinkin,
respectively, were employed for transfection (0 hr). A GFP-
BubR1204-1050 plasmid that carried the amino-terminal-
truncated 204–1050 fragment was also transfected. The
BubR1-encoding nucleotide sequences of these plasmids
were modified so that they were resistant to BubR1 RNAi
(Figure 4B).
The level of endogenous BubR1 protein (indicated by
one asterisk) was greatly diminished after RNAi (the lane
GFP BubR1 in Figure 4C) compared with the control RNAi
(the lane GFP control). BubR1 RNAi cells transfected with
plasmids carrying the GFP-BubR1 wild-type or the mutant
gene exhibited an upper band that corresponded to the
introduced GFP fusion proteins (indicated by two aster-
isks in Figure 4C) that were detected by both anti-GFPntal Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 669
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Control of Bub1 and BubR1 by Blinkinantibodies and also anti-BubR1 antibody (a kind gift from
Dr. S. Taylor).
To determine whether acceleration of the commitment
to anaphase (hereafter referred to as accelerated mitosis)
arising from the depletion of endogenous BubR1 was sup-
pressed by these plasmids, many movies were taken to
measure the duration from NEBD to the onset of anaphase
(Figure 4D and 4E). In the movies of control RNAi cells
transfected with the control GFP plasmid (white column),
the duration was normal (45.5 ± 15.8 min, n = 20), but
the duration decreased (18.0 ± 4.4 min, n = 22) when
BubR1 RNAi was performed on cells that had been trans-
fected with the control GFP plasmid (black column). Plas-
mids carrying the wild-type gene, GFP-BubR1 WT, res-
cued BubR1 RNAi cells (purple column), as the extent of
the mitotic delay of BubR1 RNAi cells transfected with
plasmid WT was comparable to control RNAi values
(65.0 ± 27.8, n = 24). In sharp contrast, the duration
remained short (22.8 ± 4.5, n = 32 and 26.0 ± 6.3, n = 25,
respectively) when BubR1 RNAi cells were transfected
with plasmids carrying the substitution mutants F175G
(red column) and A159W (orange column). The acceler-
ated mitosis following the introduction of the F175G and
A159W mutant fusion proteins was not due to diminished
expression of the mutant proteins, as the GFP intensity
was comparable to that of the wild-type gene. The dura-
tion was also short (18.4 ± 3.7, n = 35), accompanied by
an abnormal anaphase, for BubR1 RNAi cells transfected
with a plasmid carrying the amino-truncated 204–1050
fragment (green column).
Bub1 TPR Mutant Fails to Rescue Aberrant
Alignment Following Bub1 RNAi
RNAi substitution experiments similar to those described
above for BubR1 were performed to test the importance
of the Bub1 TPR motif for Bub1 function. The time course
of the procedures was identical to those used for BubR1
with the exception that cells were isolated 36 hr after the
start of RNAi (Figure 5A, left). Plasmids carrying the
GFP-Bub1 gene (wild-type and the TPR mutant L122G)
were again modified to be RNAi-resistant (Figure 5A,
right). Cells carrying GFP plasmids produced upper bands
that were detected by either a polyclonal antibody against
Bub1 (a kind gift from Dr. S. Taylor) or by an antibody
against GFP (Figure 5B). The levels of endogenous Bub1
were diminished in Bub1 RNAi cells.
Mitotic chromosomes in Bub1 RNAi cells transfected by
the vector plasmid GFP were frequently misaligned (60%,
n = 22; indicated by arrows in Figure 5C, left) and aberrant
micronuclei were observed in interphase cells (40%, n =
100; indicated by the arrows in Figure 5D, left; quantitative
data in right panel). In sharp contrast, when RNAi-resistant
GFP-Bub1 WT was expressed, these defective RNAi phe-
notypes were suppressed. Chromosomes aligned normally
on the spindle in most (90%, n = 18) mitotic cells, and the
interphase nuclei of most cells (90%, n = 64) were normal.
Thus, GFP-Bub1 WT rescued the function normally under-
taken by the depleted endogenous Bub1. In Bub1 RNAi
cells that expressed the single amino acid-substituted pro-670 Developmental Cell 13, 663–676, November 2007 ª2007 Etein (GFP-Bub1 L122G), however, the aberrant mitotic and
interphase phenotypes were not rescued. Many mitotic
(55%, n = 25) and interphase cells (40%, n = 99) had mis-
aligned and aberrant micronuclear or large nuclear pheno-
types, indicative of missegregation and subsequent poly-
ploidy or aneuploidy. These quantitative and qualitative
differences between the ability of wild-type and L122G mu-
tant forms of GFP-Bub1 to substitute for depleted Bub1
were highly reproducible.
The ability of GFP-Bub1 to be recruited to kinetochores
of depleted Bub1 RNAi cells was greatly diminished by
the L122G mutation (Figure 5C). This is likely due to a dis-
ruption of the interaction between Bub1 L122G and blin-
kin, rather than a reduction in protein levels, as the inten-
sity of the band detected by GFP antibodies on blots
of extracts from cells in which the wild-type and mutant
substituted for the depleted Bub1 were comparable.
This is in sharp contrast to our observations with GFP-
BubR1 F175G (RNAi resistant), as this fusion protein
was recruited to kinetochores in BubR1 RNAi cells that
knocked down endogenous BubR1 (Figure 5E). We spec-
ulated that Bub1 and Bub3 might assist the binding of
BubR1 to the kinetochore, and thus examined kinetochore
localization of BubR1 F175G (RNAi resistant) in cells that
were subjected to double RNAi treatment to reduce the
endogenous levels of both BubR1 and Bub1 or both
BubR1 and Bub3 (Figure 5F). The kinetochore localization
of BubR1 F175G was completely abolished by either dou-
ble RNAi knockdown (Figure 5E). Consistent with the hy-
pothesis that Bub1 and BubR1 form a complex, a 2-hybrid
interaction was observed between BubR1 and Bub1 and
between BubR1 and itself, irrespective of whether residue
175 was the wild-type F or mutated to G (Figure 5G), sug-
gesting that nonfunctional BubR1 may be located at the
kinetochore through an interaction with Bub1.
The Carboxy Terminus of Blinkin Is Sufficient
for Kinetochore Localization
We next asked what functions were performed by blinkin
during mitosis? A key hypothesis arising from the results
of the preceding experiments is that blinkin acts as a plat-
form to recruit BubR1 and Bub1 to the kinetochores. Fur-
thermore, given the interaction of different parts of blinkin
with different molecules, we asked whether blinkin subdo-
mains might execute distinct functions on mitotic progres-
sion. As an initial experiment, HeLa cells were transfected
by plasmids that expressed GFP-BLKC, a fusion of BLKC
amino-terminal-tagged with GFP (Figure 6A). GFP-BLKC
was recruited to kinetochores in a pattern that was indis-
tinguishable from that of hMis13 (indicated in the merged
image). The carboxy terminal-tagged BLKC-GFP pro-
duced the same result. Cells transfected with plasmid
that expressed GFP alone were used as a control.
Partial Rescue of Accelerated Mitosis
and Chromosome Misalignment
by the Expression of BLKM+C
We made two truncation mutant plasmids, BLKC and
BLKM+C, and tested whether these plasmids couldlsevier Inc.
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Control of Bub1 and BubR1 by BlinkinFigure 5. Bub1 TPR Mutant Fails to Suppress Bub1 RNAi Cells
(A) Schematized experimental procedures (left). Plasmid carrying RNAi-resistant Bub1 was made by site-directed mutagenesis (right).
(B) Immunoblot of Bub1, GFP, and tubulin in transfected HeLa cells. The position of bands for the RNAi-resistant GFP-Bub1 detected by anti-Bub1
antibody was higher than that for endogenous Bub1.
(C and D) GFP signals (left, only GFP; middle, GFP-Bub1 WT; right, GFP-Bub1 L122G) expressed in HeLa cells were observed after DNA (bottom,
magenta) and tubulin (green) staining. Misaligned chromosomes or micronuclei are indicated by the arrows. The proportion (%) of mitotic cells
containing misaligned chromosomes (white column) and interphase cells that showed micronuclei or abnormally large nuclei (black column) were
measured after Bub1 RNAi (right).
(E) Simultaneous depletion of BubR1 and Bub1 or BubR1 and Bub3 by RNAi was performed after GFP-BubR1 F175G (RNAi-resistant) transfection.
DNA and GFP-BubR1 F175G were observed. Bars, 10 mm.
(F) Immunoblot of BubR1, Bub1, Bub3, and tubulin.
(G) The yeast 2-hybrid interactions were examined between the Bub1 and BubR1 WT or BubR1 F175G mutant.rescue RNAi cells (Figure 6B). The sequences resistant to
RNAi were introduced into the truncation mutant plasmids
and the control full-length gene in plasmids, and the RNAi
rescue experiments depicted in Figure 6C were performed
in synchronous cultures. In HeLa cell extracts, the GFP-
tagged full-length BLK-GFP carried by plasmids was
detected by anti-GFP antibody, whereas the endogenous
blinkin was greatly reduced (Figure 6D left panel, right
lane). Blinkin, a very large 300 kD protein, was difficultDevelopmeto efficiently express by plasmid transfection. Similarly,
the GFP-tagged truncated mutant proteins BLKM+C-GFP
and BLKC-GFP and control GFP were detected in HeLa
cell extracts at the expected MW positions, whereas the
endogenous blinkin was absent (Figure 6D, right panel).
To monitor mitotic timing and chromosome alignment in
the rescue experiments, a number of movies were taken of
cells expressing GFP-tagged proteins in which the endog-
enous blinkin was knocked down (Figure 6E). Control RNAintal Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 671
Developmental Cell
Control of Bub1 and BubR1 by BlinkinFigure 6. BLKM+C, but Not BLKC, Partly Restores Accelerated Mitosis and Chromosome Misalignment
(A) HeLa cells that expressed GFP-BLKC by transfection were stained with anti-hMis13 antibodies. Kinetochore location of GFP-BLKC was indistin-
guishable from hMis13 (inset).672 Developmental Cell 13, 663–676, November 2007 ª2007 Elsevier Inc.
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Control of Bub1 and BubR1 by Blinkin(Figure 6F) and blinkin RNAi cells with plasmids carrying
GFP (Figure 6G) had the expected phenotypes of normal
anaphase and accelerated mitosis, respectively, whereas
full-length BLK-GFP fully rescued the accelerated mitosis
and misaligned chromosomes as well as the Bubs localiza-
tion and kinetochore-kMT attachment (Figure 6H and data
not shown). The signals of full-length BLK-GFP expressed
by the plasmids were located at the kinetochores in meta-
phase. In cells that expressed BLKC-GFP, accelerated
mitosis and chromosome misalignment were not rescued
(Figure 6I). BLKM+C-GFP, however, partially rescued the
chromosome misalignment phenotype and abolished
accelerated mitosis, but did not properly progress in mito-
sis (mitosis was greatly delayed, Figure 6J).
Domains of Blinkin Required for the Recruitment
of Zwint-1, Bub1, and BubR1 to the Kinetochores
Using basically the same experimental protocol described
above, Zwint-1 was not located at kinetochores in blinkin
RNAi cells, but BLKC and BLKM+C recruited Zwint-1 to
kinetochores (Figure 7A), suggesting that BLKC was suffi-
cient to recruit Zwint-1 to kinetochores. These results are
consistent with the positive 2-hybrid interaction between
Zwint-1and BLKCand indicate thatkinetochore localization
of Zwint-1 per se is not sufficient to rescue the checkpoint
defect and chromosome misalignment in blinkin RNAi cells.
We then examined whether BLKC and/or BLKM+C
could recruit Bub1 and BubR1 to the kinetochores. BLKC
failed, but BLKM+C partially recruited Bub1 to kineto-
chores (Figure 7B). BubR1 was not recruited at all by
BLKC, but was slightly recruited to the kinetochores by
BLKM+C (Figure 7C). The degree of BubR1 recruitment
was much less than that of Bub1, consistent with the
notion that BubR1 might be brought to the kinetochores
together with Bub1. These results indicate that kineto-
chore recruitment of Bubs rather than Zwint-1 accounts
for the observed phenotypes in blinkin RNAi cells.
DISCUSSION
In this study, we show that the kinetochore target of Bubs
in human cells is a large essential kinetochore protein that
we called blinkin, which also interacts with the kinetochore
proteins Zwint-1 and the two subunits hMis13 and hMis14
of the hMis12 complex (Figure 7D). The presumed scaf-
folding or platform function for blinkin suggests that it has
an important role in the final stage of kinetochore forma-
tion. It may be the center in the network for generating
kinetochore-based checkpoint signaling, as it contains
multiple binding sites for Bubs and other kinetochore com-
ponents. Evidence is provided that the interaction with
blinkin is required for Bubs to perform their mitotic func-Developmetions. Blinkin is a member of the Spc105/Spc7/KNL-1 pro-
tein family. It remains to be determined whether all the fam-
ily proteins are directly associated with Bub1 and Mad3/
BubR1. We favor to use blinkin specifically for the human
protein instead of AF15q14 until the functional conserva-
tion of these family proteins will be rigorously tested.
We propose that blinkin has a pivotal role in human cells
for controlling mitosis by directly interacting with Bub1
and BubR1, which both contain a TPR motif as the com-
mon interaction site. The TPR-blinkin interaction seems
to be essential for the kinetochore localization of Bub1,
but dispensable for that of BubR1, likely a result of the as-
sisting interaction with Bub1. The dysfunction of Bubs
TPR mutants is perhaps due to the loss of interaction
with blinkin, although there are other possibilities. Con-
certed regulation of Bubs during mitosis may become
possible through the Bubs’ TPR sites that interact with
the amino and middle domains of blinkin, which are phos-
phorylated (Nousiainen et al., 2006). Bub1, having a stron-
ger and broader affinity to blinkin than BubR1, interacts
with the amino-terminal and central domains of blinkin,
both of which contain the repeat motifs (Cheeseman
et al., 2004). BubR1, however, is bound mainly to the
amino domain, suggesting that Bub1 initially binds to blin-
kin, followed by BubR1.
Bub1 and BubR1 have distinct roles in mitotic progres-
sion. They have apparently opposite functions for control-
ling the progression toward anaphase. BubR1 restrains
the onset of anaphase by interacting with Mad2, Cdc20,
and APC/C to inhibit anaphase-promoting proteolysis
(Sudakin et al., 2001; Tang et al., 2001), whereas Bub1 is
required to promote the congression of condensed chro-
mosomes to the metaphase plate (Johnson et al., 2004;
Meraldi and Sorger, 2005). The depletion of BubR1 and
Bub1 by RNAi, respectively, caused prematurely induced
(accelerated) anaphase and delayed anaphase due to the
impaired congression of chromosomes. In the double
RNAi of Bub1 and BubR1, both accelerated mitosis and
chromosome misalignment were observed. We show that
the TPR substitution mutants in Bubs displayed expected
different phenotypes, consistent with our proposal that
the TPR in Bubs are crucial noncatalytic regulatory sites
for their respective functions. By analogy, the TPR motifs
in Bubs are like the destruction boxes present in mitotic
cyclin and securin. Blinkin may use the common TPR mo-
tifs of Bubs to control them simultaneously, while APC/C
ubiquitin ligase targets the destruction boxes of cyclin
and securin to regulate them simultaneously.
In a previous report (Obuse et al., 2004), we demon-
strated that the hMis12 complex associates with HP1 (het-
erochromatin protein 1) in the interphase centromeric
chromatin and locates in the inner kinetochore of the(B) The blinkin mutant constructs are shown.
(C) Schematized experimental procedures. HeLa cells were synchronized by a double-thymidine block protocol and transfected with plasmids for
3 hr. siRNA was added at the indicated time point.
(D) Immunoblot of blinkin, GFP, and BubR1 in transfected cells. The bands were produced at the expected MWs.
(E) Summary of the phenotypes in five different RNAi cells.
(F and G) Time-lapse micrographs of HeLa cells in control RNAi (F) or blinkin RNAi (G) are shown.
(H–J)RNAi-resistant full-length BLK (H), truncated BLKC (I), andBLKM+C (J)were expressed in blinkin RNAi cells. Hoechst 33342was used forDNA staining.ntal Cell 13, 663–676, November 2007 ª2007 Elsevier Inc. 673
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Control of Bub1 and BubR1 by BlinkinFigure 7. BLKM+C Partly Restores Kinetochore Localization of Bub1 and BubR1 in Blinkin RNAi Cells
(A–C) HeLa cells were treated according to the procedures depicted in Figure 6C, using plasmids and siRNAs indicated. Cells were fixed and stained
with Hoechst 33342, antibodies against Zwint-1(A), Bub1(B), or BubR1(C). Cross-section images were deconvolved and stacked (Toyoda and
Yanagida, 2006).
(D) A summary cartoon for the interaction linkage map of kinetochore and checkpoint proteins (left). Functionally distinct Bub1 and BubR1 are
simultaneously controlled by blinkin through an interaction between the common TPR motif of Bubs and blinkin (right; see text for details).mitotic chromosomes. The amino and middle domains
of blinkin bind to Bubs, while the carboxy domain associ-
ates with the hMis13 and hMis14 subunits of the hMis12
complex. Blinkin may have a certain role in directional
kinetochore assembly. We show that blinkin is required
for attachment of the kinetochores to the spindle microtu-
bules. This result is consistent with the previous report that
KNL-1 is required for kinetochores to attach to kinetochore
microtubules (Cheeseman et al., 2006). The tension could
not be generated in blinkin RNAi cells due to the lack of
proper attachment of the kinechores to the microtubules.
In conclusion, since the discovery of kinetochore local-
ization of Bubs, it has been unclear which kinetochore pro-
tein directly interacts with Bubs during mitosis, and the
function such an interacting protein would have. Our find-
ings establish that the direct link to Bubs in human cells is
provided by blinkin and that blinkin is essential for spindle
checkpoint and chromosome alignment. Bubs appear to
exert their function during mitosis through direct interac-674 Developmental Cell 13, 663–676, November 2007 ª2007tion with blinkin. Although functional conservation is not
established among the gene family members, budding
yeast Spc105 (Nekrasov et al., 2003), fission yeast Spc7
(Kerres et al., 2004), nematode KNL-1 (Cheeseman et al.,
2004, 2006), and fly dmSpc105R (Przewloka et al., 2007)
may have a fundamental role in spindle checkpoint control
and chromosome alignment. Blinkin/AF15q14 is related to
an acute myeloid leukemia and lung cancer (Hayette et al.,
2000; Takimoto et al., 2002). As Bubs are implicated in on-
cogenesis and aneuploidy (e.g., Kops et al., 2005), blinkin
is a potential target for cancer therapy.
EXPERIMENTAL PROCEDURES
Strains and Media
HeLa cells and cells that stably expressed FLAG-hMis12 were grown
as previously described (Goshima et al., 2003; Obuse et al., 2004).
Cells were treated with 100 ng/ml nocodazole (MP Biomedicals) or
10 mM taxol (Sigma-Aldrich Chemical Co) for 18 hr, and with 20 mM
MG132 (Calbiochem) for 1 hr.Elsevier Inc.
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Control of Bub1 and BubR1 by BlinkinPlasmids and Transfection
The cDNA genes for hMis12, hMis13, hMis14, and Zwint-1 were pre-
viously isolated (Goshima et al., 2003; Obuse et al., 2004). HEC1, Nuf2,
Spc25, Spc24, and BubR1 N203 were cloned by PCR using a HeLa
cDNA library or HeLa mRNA. PMF1, BLKN, BLKM, and BLKC were
isolated by PCR using pIC81, pIC164, or KIAA1570 as templates, re-
spectively. The cDNA gene for BubR1 (TC119395) was purchased
from OriGene, Inc. The mutated Bub1 or BubR1 cDNAs were made
by site-directed mutagenesis. To construct RNAi-resistant BubR1
and Bub1, the nucleotide sequences were altered as shown in Figures
4B or 5A, respectively. To construct RNAi-resistant blinkin, the nucle-
otide sequence (AAGATCTGATTAAGGATCCACGAAA) was changed
to (AgGActTaATcAAaGAcCCtCGtAA). All the mutations were verified
by DNA sequencing. Plasmid DNAs purified using an Endofree Maxi
kit (QIAGEN) were transfected into HeLa cells using the Effectene
transfection kit (QIAGEN).
The RNAi Method
The procedures for cell culture and transfection of siRNA were previ-
ously described (Elbashir et al., 2001; Goshima et al., 2003). The
‘‘stealth’’ siRNAs for blinkin were purchased from Invitrogen. The se-
quences were 50-GAACACAUUGCUUUCUGCUCCCAUU-30 (siRNA #1),
50-GGGCAGGAUGACAUGGAGAUCACUA-30 (siRNA #2), and 50-AAG
AUCUGAUUAAGGAUCCACGAAA-30 (siRNA #3). Other siRNAs were
purchased from J-BioS (Saitama, Japan). The sequences were 50-CA
GUAAUAUUACUAGGCUCTT-30 for blinkin (siRNA #4) and 50-GGU
UGCCAACACAAGUUCUTT-30 for Bub1. Those for hMis12 (Goshima
et al., 2003), BubR1 (Johnson et al., 2004), Mad2 (Martin-Lluesma
et al., 2002), and Bub3 (Meraldi et al., 2004) were described previously.
Scrambled ‘‘stealth’’ siRNA and luciferase siRNA were used as con-
trols. RNAi cells were fixed and observed at the indicated time after
transfection.
Yeast 2- and 3-Hybrid Analyses
The 2-hybrid analysis was performed according to the procedures
described in the manual for the 2-hybrid analysis kit (MATCH-
MAKER, Clontech) using pGBT9 and pGAD424. The b-galactosi-
dase filter assay was performed using the SFY526 strain that carried
the GAL1-lacZ reporter as described by the manufacturer’s directions.
For the 3-hybrid analysis, yeast cells were cotransformed with equal
amounts of the three plasmids that carried the fusion genes tested.
More than 30 colonies were picked for the filter assay.
Antibodies
Monoclonal antibodies were raised against blinkin, hMis13, and Zwint-
1 using the N-terminal 22, the C-terminal 19, and N-terminal 19 amino
acids as the antigens, respectively. Immunoblot and immunofluores-
cence were performed using the following antibodies: hMis12 [rabbit
1:30], CENP-A [A3 mouse 1:100], CENP-C [guinea pig 1:1000] (Gosh-
ima et al., 2003), blinkin [mouse 1:20], hMis13 [mouse 1:20] and [rabbit
1:1000](Obuse et al., 2004), Zwint-1 [mouse 1:5], HEC1 [mouse
1:1000; ab3613 abcam], Bub1 [sheep 1:1000], BubR1 [sheep
1:1000] (Taylor et al., 2001), Bub3 [mouse 1:500; BD Transduction Lab-
oratories], FLAG [mouse 1:1000; M2; Sigma], GFP [mouse 1:500;
Roche], Cyclin B1 [mouse 1:200; GNS1; Santa Cruz Biotechnology],
and tubulin [mouse 1:500; DM1A; Sigma].
Immunopurification
All fractionation and extraction procedures were performed as de-
scribed previously (Obuse et al., 2004). For Bub1 immunoprecipitation,
anti-Bub1 antibody (MBL; K0168-3) was conjugated to protein-A
Sepharose beads.
Live Cell Imaging and Immunofluorescence
Live cell analysis was performed as previously described (Haraguchi
et al., 1997; Toyoda and Yanagida, 2006). HeLa cells that stably ex-
pressed histone H2B-GFP were used for the visualization of chroma-
tin. Transfected cells grown on the glass-based dishes (IWAKI, Tokyo)Developmewere supplemented with 20 mM HEPES (pH 7.4) and observed using
the Delta Vision RT system (Applied Precision, Inc.) at a temperature
of 37C. The GFP images were taken at 1 min intervals with an expo-
sure time of 0.2 s. Cells that entered mitosis 21–27 hr after siRNA trans-
fection were observed for 6 hr. Blinkin RNAi cells were treated with
‘‘stealth’’ siRNA and observed 42–49 hr after transfection. Blinkin
RNAi cells synchronized by a double thymidine block were observed.
For DNA staining, HeLa cells were cultured in the presence of 50 ng/ml
Hoechst 33342, and the images were taken at 5 min intervals with
a LiveUV filter. Immunofluorescence microscopy was performed as
previously described (Goshima et al., 2003; Toyoda and Yanagida,
2006).
Supplemental Data
The Supplemental Data include seven figures and ten movies and can
be found with this article online at http://www.developmentalcell.
org/cgi/content/full/13/5/663/DC1/.
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